Abstract
Introduction
Rainwater harvesting for drinking has been an ancient practice for human civilization. According to Pacey and Cullis (1986) , rainwater harvesting is the gathering and storage of water running off surfaces on which rain has directly fallen, could be a potential alternative in small communities that cannot be served by centralized water supply systems. The climate-change impacts on water resources are troublesome, especially for small island developing states (SIDS) which experiences decrease in already limited freshwater availability due to change in rainfall patterns, saline intrusion into freshwater aquifers from sea-level rise and El Niño intensity and frequency. It also causes increased incidence of floods, changes in storm tracks, impeded drainage and elevated water tables, and heightened frequency as well as severity of droughts (UNFCCC 2005) . Pandey et al. (2003) has correlated human efforts for rainwater harvesting as an adaptation to abrupt climate fluctuations, like aridity and drought. Meter et al. (2014) stated that rainwater harvesting has been chosen as a soft path addressing towards ensuring food security and alleviating problems of water security.
Rainwater harvesting consists of a wide range of technologies that can be divided into in situ and ex situ techniques (Barron, 2009 ). However, in Port Vila, capital of Vanuatu, rainwater harvesting is considered as a mandatory set up in civil planning and has also been accepted widely at both public and private places in the world (Kim, 2000) . Haebler and Waller (1987) observed that the local circumstances such as environmental factors, the degree of atmospheric pollution, the type of construction materials and level of maintenance of the rainwater catchment system are crucial factors in deciding the physiochemical quality of the harvested water. On the other hand, Magliano et al. (2015) besides quantifying the daily input had warned of the storage aspects of the rainwater harvesting. However, the level of risk associated with drinking rainwater is a product of the concentration of pathogens/toxins present, their exposure and the vulnerability of the individual or population exposed (Gould, 1999) . It is obvious that as ambiguity always remains on the quality of the harvested rainwater which is being used for drinking and other purposes and quality criteria needs a second thought. Silva et al. © The University of the South Pacific (2017) (2015) reported that there should be a proper evaluation of rainwater harvest for best possible results.
In Port Vila, rainwater harvesting for drinking purposes has been regarded as a part of lifestyle. However, the raw consumption of the harvested water is a free carrier of many diseases like fluorosis (Allibone et al., 2012) , gastrointestinal disturbances (Ahmed et al., 2012; Heyworth et al., 2006) , salmonellosis (Koplan et al., 1978) and Legionnaires' disease (Simmons et al., 2008) . It is an obvious fact that the constituents in the harvested water change with respect to place, extent of rain, methods of collection and usage levels (Coyne, 2000) . Yaziz et al. (1989) have reported physiochemical variations in harvested rainwater whereas Thomas and Greene (1993) showed that in most urban areas even the direct rainwater is unsafe for drinking. Most recently, Furumai (2016) reported that climate change and rapid urbanization had brought water scarcity and qualitative fluctuations and Port Vila best fits for these observations. In view of these studies, the present study was initiated to assess the physiochemical characteristics of the harvested rainwater in Port Vila. The assessment study was also aimed at the factors that contribute to the qualitative fluctuations based on construction, material and usage levels of the harvested rainwater.
Study Area
Vanuatu is located on the Pacific ring of fire, where the Pacific tectonic plate is sliding under the IndoAustralian plate. The Y-shaped chain of 80 islands lies between Fiji and Queensland, Australia and being part of the Melanesia group. It was around 3500 years back the Austronesian inhabitants migrated here from the Solomon Islands. The present population is 97% Melanesians while 3% constitute Polynesians, Asians and Europeans. Port Vila, the capital of Vanuatu, is rich in cultural heritage and is the main tourist destination of the country with population little over 50,000. It is located on the island of Efate at approximately l7° 44' S and l68° l9' E where the island experiences a humid tropical climate and South Easterly trade winds. The average annual rainfall is 2360 mm with an average 211 rain days per year. On average Port Vila, the study area of the present investigation, experiences at least one tropical cyclone per year (VMGD website).
Materials and Method
The harvested rainwater was assessed in the present study to gain knowledge of the different constituents and thus the quality. Following the standard methods for the examination of water and wastewater (APHA, 1995) , the harvested rainwater samples were collected from 22 designated sites in Port Vila as shown in Figure  1 . The sampling was carried out during May to December 2016 considering the fact that they represent the wet and dry months. The coordinates of the sampling station were noted at the site along with the conditions of the harvest systems and the surroundings. The water samples were collected after running considerable amount of water from the source after triple rinse of the containers. The average rainfall and rainy days during the sampling period is shown in Figure 2 . The sampling sites of the rainfall harvesting included the areas with advanced technological setups as well as the custom based collective centres in the rural dwellings representing public and the private collection centres. Only the criterion of drinking purpose was considered in the present study excluding the collection centres used for other purposes like domestic, agriculture etc. The sites which were maintained periodically and treatments being done for the collected water were also eliminated from the present study.
A total of 12 parameters were analyzed for all the harvested rainwater samples collected during the two seasons. These included: temperature, EC, pH, turbidity, TDS, hardness, acidity, alkalinity, dissolved oxygen (DO), phosphates, nitrates and carbon dioxide. These assessments of the harvested rainwater were carried following APHA (1995) methods for drinking water analysis where all chemicals used were of analytical reagent grade. The physical parameters like turbidity, temperature, EC and pH were assessed at the site itself using appropriate probes. TDS was measured using gravimetric method. Acidity, alkalinity, nitrates and phosphates were determined following titrimetric analysis. Winkler's method was used in the determination of DO (Montgomery et al., 1964) . Hardness in the water samples was measured using EDTA method. Carbon dioxide was estimated through coulometric titration (APHA, 1995) . Throughout the analysis, triple distilled water was used in the preparation of the required standard solutions. Turbidity was visually assessed. The complete results of the physical and chemical parameters analysis have been tabulated in Table 1 and 2. A statistical mean representation of the results of different parameters determined for the collected harvested water samples was shown in Table 3 . Ling et al. (2017) reported that statistical interpretation of surface river water data was useful in various qualitative assessments. The statistical interpretation of the results in the present study revealed significant variations in the minimum and the maximum concentrations of the parameters analysed (Table 3) . The standard deviation (SD) observed among the sites during pre-monsoon (PRM) and post-monsoon (POM) seasons have been quite high for some parameters (Table 1 and 2). Variations in parameters make it difficult for taking decision for using the water for its drinking purpose so portability is compromised (Meera and Ahammed, 2006) . These variations in concentrations and other parameters are due to the seasonal impacts on the different types of roof tops (Farreny et al., 2011) . It was observed in the study area that there was a wide range of roof materials being used either for the approach, channels, covering or for the storage of the harvested water due to varied reasons such as, custom, cost effectiveness, temporary arrangement and so on. It was also observed that these variations might be due to improper/poor maintenance of the collecting systems. At some sites same old collecting pots are being used to transfer the water from the harvest tanks which are always kept open to various kinds of depositions that might also play an important role in the variation of assessed parameters. Added to these are the frequent changing weather conditions prevailing in the study area. At times there would be scorching temperatures and the next minute with unpredicted heavy downpour and thus Parry et al. (2004) felt that not only climate change impact food production but unpredicted rainfall as well.
Results

Statistical Interpretation
The parameters like pH, TDS, EC and hardness clearly demonstrate variations which are evident from PRM to POM season. The variations with 63.84 mg/L in TDS, pH of 0.4 and EC with 98.9 μS/Cm were noteworthy. This might be a regular trend observed due to the effects of the rain which dissolves and carries whatsoever on its way. Some of the sites like 3, 4, 8, 14, 16, 19 and 20 have recorded over 100% increase in their EC values (Table 1) , whereas sites 1, 3, 6, 9, 10, 14, 20, 21 and 22 had almost the same rise in their TDS concentrations (Table 1) . It is also worthy to note that sites like 7, 11, 13, 15 and 18 had hardly shown any change in their EC values in PRM and POM which conflict with the above mentioned observations. No change in case of TDS concentrations was observed at sites of 2, 4, 5, 7, 11, 13, 15 and 18 (Table 1) . In general, the average concentrations of these in harvested rainwater are pH (7.0-8.5), EC (0-50 μS/Cm) and TDS (10-50 mg/L). The observed variations may be attributed to the stagnancy or more frequent usages or a mix of both. The high standard deviations in case of EC, TDS, hardness and alkalinity are due to the variation among various sampling sites which arise because of the dissolutions that rainwater carries along their way (Likens et al., 1972) .
The mean standard deviation of 3.6 mg/L in acidity (Table 3) in both seasons is a matter of concern as well. The acidity concentrations in most of the sites were at tolerable levels but at sites 2, 5, 16, 17 and 22 considerable increase was recorded in the POM. Acidity is often caused by dissolution of the mineral acids ions in the water and thus might be the reason for the rise in these sites. The components of atmospheric acidity like aerosols, fog water, cloud water and rainwater in the study sites might be other reasons for increase in acidity (Liljestrand, 1985) . In case of other parameters like alkalinity, DO, phosphates and nitrates there might not be any alarming issues as these were within the WHO guidelines for drinking water quality (WHO, 2004) .
Harvest Materials and Impact Assessment
It has been reported that the materials used in the collection of the rainwater play vital role in defining its quality (Mendez et al., 2011) . Therefore, the present study also focused on the type of material of construction of the rainwater collector, type of collection and maintenance of the harvest tanks to judge the quality of the harvested water. Some traditional methods of collection with palm and coconut heads and leaves were found in the villages whereas advanced collection methods were seen at expatriate settlements. The sites with long channels of collections from the roof had shown more turbid waters and also increased TDS concentrations. The same was observed at the sites (3, 6, 9, 10, 16, 19, 20 and 21) having large open mouth collection tanks where intrusion of impurities through the large opening areas significantly affected the physical parameters as well as the chemical constituent's concentrations. The sites where closed net filters were used at the mouths of collection tank acted as good filters but needed regular cleaning of the segregates and algal blooms. Thomas et al. (2014) had reported that the type of gutters used would significantly impact the quality in the harvested water.
In the collection sites like 4, 13, 15 and 18, there has been hardly any alarming changes in the determined parameters in the PRM and POM seasons. This was most probably due their freeness from dust, small channel from roof and periodic maintenance. However, in case of the collection sites 3, 6, 9, 10, 14, 16, 20 and 21, the considerable variations of parameters in the POM season may be due to their improper construction, poor maintenance and long channels with less usage. In addition, there might be an influence of the biological growth inside the tanks due to improper maintenance (Simmons et al., 2001) . It has been reported that most contamination of rainwater occurs after contact with the catchment surface (roof or ground) and during subsequent delivery and storage (Waller, 1989) . The factors like cleaning of the filters, channels, tanks and removal of debris around the systems would yield better quality of the harvested water.
The qualitative aspects in regards to the capture and storage of the rainwater in Port Vila need to be reviewed for betterment. Fonseca et al. (2017) have reported that usage of web application and georeferenced rainfall pattern for the construction of the rainwater storage tank and their installation at relevant sites for maximum water collection and proper storage give the best possible results in quantity as well as quality. It was observed in this study that there were many sites with varied tank sizes and their placement was another concern. In regards to placement, Kotra (2016) reported that the infrastructure damage during cyclones was a major factor resulting in compromised water quality. Most communities have been observing the rainwater harvest as bill savers but have ignored the periodic maintenance of storage tanks leading to adverse health issues. The sites where visual qualitative implications like turbidity were evident and could have been correlated to water stagnancy but on discussions with the communities it was learned that the major contributing root cause was poor -maintenance. The problem that was observed at some of these sites is that they were built too high and too big to reach to clean completely. In such cases it would be better to adopt Ojwang et al. (2017) report to use calcification which would yield better roof top identification. Thus, the best way to mitigate the qualitative fluctuations at the study sites is to adapt to the best possible combinations of traditional and modern approaches. 
Spatial Interpolation
Spatial interpolation techniques are used to estimate values for any geographic region for a limited number of sample data points. Kriging, Inverse Distance Weighting, Spline are the most common interpolation methods which uses the values of nearby known sites to estimate the unknown (Burrough, 1998) . Spline interpolation method was used in the present study that estimates values at unknown location (Samanta et al. 2012) . Kumar and Jhariya (2016) and Sayl et al. (2016) have used Geographic Information System (GIS) based remote sensing approach to estimate the physical variables of rainwater harvesting. Thus, in the present study TDS and pH characteristics at 22 sample location were interpolated based on their PRM and POM observations. Contours were derived using 3D analysis techniques from the interpolated datasets using ArcGIS software which gave two composite maps for pH and TDS as shown in Figure 3 and 4 respectively.
Interpolated pH map (Figure 3 ) shows higher pH value (about 7.0) in the middle and the minimum (about 6.0) in the Eastern part of the study area in the PRM season. Some patches of high pH (about 7.0) are observed in the North, middle and South parts of the study area. The mean of pH estimation was calculated as 6.70 and 6.64 for PRM and POM respectively (Table  3 ). The variation of pH distribution is very high in the PRM season with SD 0.5 as compared to POM season as 0.30. This can be attributed to the segregation of the water which causes chemical exchange, while the monsoon might be reason for the increase in pH towards the basic character. The standard deviations were higher for the sites where the frequency of water withdrawal or usage was low and vice versa.
Interpolated map for the TDS factor shown in Figure  4 indicates that during POM season the TDS was higher in the central part of the study area and decreased towards all directions. However, in the PRM the TDS pattern was found to be higher in the North and Southern parts of the study area and lower in the central part. The SD for TDS distribution was 51.40 mg/L during PRM and 76.29 mg/L during POM season (Table  3 ). The variation in TDS distribution is much more during POM season than during PRM which may be due to the topographic lows in the study area where dust accumulation in water reservoir is increased by the lime stone roads. These accumulate on roof tops, relocate along with the rain water flow and thus cause high TDS during the POM season. At sites 8 and 18 where the concentrations during PRM are more than that of POM might have mixed reasons while for the sites 1, 3, 6, 9, 10, 14, 20 and 21 (Table 1) the TDS has shown a drastic rise due to constant rise of the dust as these sites are on high traffic zones. In addition, some of these collection sites have the tarpaulin covers over the normal iron sheets which might have dissolved in the harvested waters. These high TDS values correlated to high EC (Zhang et al. 2017 ).
Conclusion
The physiochemical assessment of the harvested rainwater in Port Vila, Vanuatu for two seasons has revealed mixed results in terms of drinking water quality. The concentrations of some parameters had shown considerable increase in POM season in comparison to PRM season, whereas some sites had hardly shown any change. The parameters like pH, EC, TDS and acidity had varied considerably in some of the harvested sites. The use of the roof materials, frequency in usage and maintenance of collection tanks were found to be the main factors that influenced drastic rise in the concentrations of the chemical constituents. Both the traditional and advanced methods had their pros and cons in regards to the quality of the harvested water.
Results of the study along with recommendations were disseminated to the communities and Department of Water Resources, Government of Vanuatu for necessary action.
